Abstract: A double-resonant metal-insulator-metal (MIM) optical antenna is theoretically proposed to control the emission directivity of a dipolar emitter. The nanoantenna consists of an in-plane side-by-side assembling metallic nanobar dimer on the top and a metallic nanoplate on the bottom, separated by a dielectric spacer. Unidirectional and enhanced emission of the emitter is wavelength dependent. It is controllable by changing the phase differences of constituting elements of the antenna, induced by the double magnetic resonances at different wavelengths. The results can be potentially used in near-field sample detection, solar cell, and single-photon source.
Introduction
Metallic nanoantenna exhibiting localized surface plasmon resonance (LSPR) provides large near field enhancement, and enables manipulating optical field at nanoscale, so as to realize efficient conversions between propagating optical radiation and localized energy [1] - [3] . Nanoantenna usually can be excited by a plane wave, a focused beam, or a point-like emitter [4] , [5] . If an emitter is put close to the resonant antenna, enhanced and angular emission can be controlled due to the mode couplings. A well designed plasmonic antenna can radiate in a particular direction [6] - [8] . Achieving flexible and high unidirectionality is necessary to devise efficient plasmonic transmitters, receivers, photodetectors, and sensors [9] - [11] .
To obtain directional radiation, multiple coherent radiation sources need to be carefully designed to obtain the needed spatial separations or phase differences, leading to constructive and destructive scattering interferences [12] . These multiple coherent radiation sources can be the constituting elements of one nanoantenna, or the different LSPR modes of one single-element nanoantenna.
Based on this, several plasmonic nanoantennas have been proposed and investigated to control radiation directivity. One typical kind of plasmonic antennas consists of arrays of metallic nanoparticles, such as Yagi-Uda antenna [13] , and linear array of core-shell nanoparticles [14] . Extra reflectors or coupled elements are usually employed to suppress the unwanted backward radiation. Furthermore, nanoantenna showing magnetic resonance can also exhibit unidirectional radiation, instead of using extra reflectors, due to the interference between electric and magnetic resonances, that is, the electric and magnetic resonances are almost equal-value but out-of-phase [15] . Nanoantenna should be carefully designed to make the electric and magnetic resonances overlapped at certain wavelength, therefore the unidirectional radiation is strongly wavelength dependent. It has been proved in magnetic resonant dimer and single-element V-shaped nanoparticle [16] , [17] .
In this paper, a double-resonant metal-insulator-metal (MIM) optical antenna is theoretically proposed to control the emission directivity of a dipolar emitter. Unidirectional and enhanced emission of the emitter is controllable by changing the phase differences of constituting elements of the antenna, induced by the double magnetic resonances at different wavelengths. The results can be potentially used in near-field sample detection, solar cell, and single-photon source, etc., with more flexibility.
Model
The MIM-type double-resonant plasmonic antenna is shown in Fig. 1 , consisting of a in-plane sideby-side assembling Au nanobar dimer on the top and a Au nanoplate on the bottom, separated by a SiO 2 dielectric spacer. Geometric parameters are given in the figure caption. The size of nanoantenna is set to exhibit double resonances in the visible to near infrared region, to meet the typical excitation and emission wavelength of a single photon source. Parameters t 2 and g are optimized trying to separate the two resonance peaks. A point-like dipolar emitter is located 10 nm away from the surface of one Au nanobar of the upper dimer, with its electric current dipole moment direction along Y axis.
Radiation of the plasmonic antenna in visible and near infrared region is numerical studied by finite element method (FEM). The dielectric constants of Au and SiO 2 at wavelengths are given by Johnson and Christy, and Palik respectively [18] , [19] . The antenna is enclosed with perfect match layers. A non-uniform mesh with the maximum step of 2 nm in the antenna area is used.
Results and Discussions

Double Magnetic Resonances of the MIM Nanoantenna
Due to LSPR mode couplings in the near field, anti-phase currents can be excited in the upper and lower Au layers of MIM structure, and also in the upper Au nanobar dimer, via the dipolar emitter excited nanobar [20] - [22] . Therefore, magnetic resonances can be excited both in the SiO 2 dielectric spacer and in the center slot of upper dimer, in different directions at different wavelengths. The center of SiO 2 dielectric spacer and center of the upper Au dimer are marked as positions 1 and 2 respectively, as shown in Fig. 1(b) .
The magnetic field intensity |H |, components H X in X direction and H Z in Z direction at both locations 1 and 2 are shown in Fig. 2 . Magnetic resonance is mainly in X direction at wavelength 705 nm, while it occurs mainly in Z direction at 798 nm, with larger resonance intensity. The inset figures show the magnetic field intensity distributions, using the same color scale. It can also prove that magnetic resonance occurs in the SiO 2 dielectric spacer at 705 nm, while mostly in the center slot of upper dimer at 798 nm.
Emission Directions and Enhancements
The emission characteristic of plasmonic antenna coupled dipolar emitter is described by spherical coordinate (with azimuthal angle ϕ and polar angle θ) here. Far field differential cross sections are calculated at four points around the radiated system, with (ϕ, θ) being (0
• ) respectively, shown in Fig. 3 . Maximum radiation occurs in Z direction at 705 nm and in X direction at 798 nm where the corresponding magnetic resonances occur. To quantify the directionality of the antenna, directional radiation factors S Z and S X are defined, as the ratio between the power radiated in the forward (+Z or +X direction) and backward (−Z or −X direction) half-spaces, similar to the definition of forward-to-backward ratio of microwave antenna. The directional radiation factors S Z and S X can both be up to 18 dB maximally, at 670 nm and 775 nm respectively. Therefore, due to the destructive interferences between electric and magnetic resonances, asymmetric radiations along both X and Z directions become possible.
It is also necessary to study the emission enhancement of the coupled system. According to Fermi's Golden Rule, the spontaneous emission decay rate is controlled by the local density of photonic states. High Q-factor and small modal volume V of a resonant microcavity lead to an enhancement of density of photonic states. Therefore the Purcell factor is usually expressed by the well known formula [23] . However, it's complex to calculate the effective modal volume precisely. Here, we used another method to directly calculate the Purcell factor, by simply dividing the radiation power P rad (λ) of the coupled system by the emission power P 0 rad (λ) of the emitter in the homogeneous background material [24] - [26] . τ is the spontaneous emission lifetime with plasmonic atenna and τ 0 is the spontaneous emission lifetime of the dipolar emitter in the background material:
The calculated Purcell factor F p with respect to wavelength is shown in Fig. 4 . The radiation enhancement reaches the maximum at both magnetic resonance wavelengths. If the dipolar emitter is put d = 5 nm closer to the antenna, Purcell factor F p gets larger, ∼35 at both wavelengths, which is comparable or larger than observed plasmonic nanoparticles and waveguides [5] , [27] .
To further compare the emission directions and enhancements, the radiative enhancement factor S(ϕ, θ) is defined as [28] :
where P(ϕ, θ, λ em ) presents the distribution of the emitted power with plasmonic antenna, and P 0 (ϕ, θ, λ em ) presents the distribution of the emitted power by an isolated dipolar source. Fig. 5 plots the far field emission patterns at both 670 nm and 775 nm (FEM results in red lines). It is found that unidirectional emission is mainly in +Z direction 14.6 dB maximally with a little oblique at 670 nm, whereas mainly resides in +X direction 16 dB maximally at 775 nm, which are consistent with the results present in Fig. 3 . Note that emission directions are not exactly along +Z and +X directions shown in the H-plane, because of the small superposition of the magnetic resonances at both wavelengths. The radiative enhancement factors S(ϕ, θ) at both wavelengths have small difference, which are comparable with other directional antennas, such as typical plasmonic 5- element Yagi-Uda antenna [29] and coupled metallic nanoparticle dimer in dielectric antenna [6] , but with controllable emission directivities at different wavelengths.
Two-Dipole Model Analysis
Obviously due to the mode couplings between the emitter and nanoantenna, dipolar electric resonance mode can be excited in all the Au nanobars and bottom nanoplate in Y direction, therefore causing symmetric far field electric field distributions in both X and Z directions. While the antiphase currents in the coupled nanobar dimer and the coupled nanobar and nanoplate can result in magnetic resonance modes, correspondingly inducing anti-symmetric far field electric field distributions in X and Z directions. Therefore, the unidirectional emission originates from destructive interference between the electric and the induced magnetic resonances. Furthermore, the two magnetic resonances at different wavelengths result in controllable unidirectional emissions. 'Two-dipole' model can approximately exhibit the underlying physics observed in this work with simpler calculations. Here the two-dipole means two electric dipoles. For the small metallic nanobars and nanoplate, each one can be treated as one electric dipole, shown in the inset of Fig. 6 . Thus, the antenna can be treated as two largely coupled oscillating electric dipoles without considering the third less coupled electric dipole, at both magnetic resonance wavelengths. That is, the antenna can be seen as oscillated dipoles 2 and 3 at 670 nm, while oscillated dipoles 1 and 3 at 775 nm. Note that the point emitter is actually the 4th dipole. However, due to electric field and polarizability enhancements induced by the MIM nanoantenna, radiation intensity of the emitter itself is small enough to be neglected [6] .
Adopting 'two-dipole' model, the sum of the Poynting vectors in both X and Z directions with distance r from the antenna in far field can be expressed as [30] :
where φ 31 and φ 32 are the phase differences of the two oscillating dipoles' polarization. Dipoles 3 and 2 are in a line with a tilt angle α = 0.06π off the +Z direction. d X31 , d Z31 , d X32 , and d Z32 are the distances between the dipoles along X and Z directions respectively. The distance d X32 along X axis is due to the asymmetry of Au nanoplate 2 and nanobar 3. And the distance d Z31 along Z axis is because that the near field dipolar emitter induces larger electric field intensity in nanobar 3, leading to a longer electromagnetic field decay length of bar 3 compared with bar 1, which can be seen from the inset magnetic field distributions in Fig. 2 . Note that the optical paths d X31 , d Z31 , d X32 , and d Z32 are very small. Clearly from (4), the asymmetric radiation can be maximally obtained in both directions once the phase differences φ 31 and φ 32 are both the odd multiples of π/2. The polarization at each point in the nanoantenna can be directly obtained using FEM method. Then for each quasi electric dipole, the total dipole moment p i = pe iφ i can be deduced by a volume integral of the polarizations at every points in the quasi dipole. Then, the phase difference φ ij is calculated by φ ij = φ i − φ j . Changes of φ 31 and φ 32 with respect to wavelength are calculated, shown in Fig. 6 . It shows that φ 31 = −0.5π at 748 nm and φ 32 = −0.5π at 638 nm. The calculated unidirectional radiation wavelengths are both ∼30 nm different compared with 775 nm and 670 nm shown in Fig. 5 , because of the phase differences induced by optical paths, and the amplitudes of both the dipole pair which are not exactly the same [6] .
Far field emission patterns are calculated using 'two-dipole' model shown in Fig. 5 in blue lines. Compared with FEM results, because the weak coupling of the third Au nanoantenna is not considered, there are smaller half power beam width (HPBW) and better directivity in H-planes at both wavelengths,. But still, it proves that similar unidirectional emissions along different directions are controllable at different wavelengths. Therefore the 'two-dipole' model can be adopted to approximately analyze and verify the dominant emission directions, with simpler calculations. 
Laser Light Scattering
Besides wavelength-dependent unidirectional emissions, plasmonic MIM nanoantenna can also present different directivities of the excitation and emission light. If 670 nm incident laser light propagates along +Z direction with polarized electric field Ey, it also exhibits a directional scattering towards +Z direction, as shown in Fig. 7 . And this can be potentially used in the excitation and emission of fluorescent molecule. It means that, we can use 670 nm resonance wavelength for the excitation, and 775 nm resonance wavelength for the emission. Furthermore, it is found that the scattering directivity is consistent with the incident laser light directivity. Therefore, the directivity of the excitation and emission light is independently controlled, with enhanced radiation intensity.
Position Dependence
The impact of dipolar emitter's relative position is studied. As previously shown in Fig. 1 , the emitter is located away from the surface of one Au nanobar of the upper dimer with distance d. For nanobars especially with high aspect ratio, the dipolar electric resonance mode and antiphase current are easier to be excited along the longitudinal direction, with the emitter placed at the end of one nanobar, therefore resulting in a directional emission. It is clear that longer distance d leads to smaller near field coupling to the plasmonic antenna, thus smaller resonance intensities of the MIM nanostructure. Fig. 8(a)-(d) show the far field emission patterns with d = 10, 20, 30, 50 nm. With the increasing of d, radiative enhancement factor S(ϕ, θ) decreases, but the radiation direction remains the same at both resonance wavelengths. Backward radiation starts to show up when d = 50 nm, which means that magnetic resonances become hard to be excited, and the symmetric radiations of the electric dipoles begin to be dominant.
In addition, we calculated the directional radiation factor with the emitter placed on the SiO 2 insulator and inside the nanogap between the two nanobars. There are two situations considered, one is that the emitter is placed in the center (location 1 in the inset of Fig. 8(e) ), and the other is that it is on the edge of the insulator layer (location 2 in the inset of Fig. 8(e) ). If the emitter is at location 1, the emission is basically symmetric along X direction. It proves there's hardly magnetic resonances in X direction. Even if the emitter is placed at location 2, a bit of emission in -X direction still shows up with factor S X ∼6 dB.
Nanoantenna Parameter Dependence
Geometric parameters of MIM nanoantenna are studied in this section. As mentioned before, the nanoantenna is designed to exhibit double resonances in the visible to near infrared region, to meet the typical excitation and emission wavelength of a single photon source. Therefore, the two resonances are required to show high oscillation intensity and large separation. Influence of parameters g and t 2 on the magnetic field intensity |H | at both locations 1 and 2 in Fig. 1(b) are shown in Fig. 9 . Magnetic resonance intensity and wavelength at location 1 are mainly controlled by the insulator thickness t 2 . While at location 2, they are mainly decided by the gap g. Larger gap g and smaller thickness t 2 can both result in the overlap of the two resonance peaks. Considering it's not easy to precisely fabricate the gap in several nanometer, we choose gap g = 10 nm for the previous study.
Medium Dependence
At last, we discussed the emission characteristics of the emitter coupled nanoantenna system in different media for experimental studies. Fig. 10 shows the directional radiation factor S Z and S X in typical media, such as air, water and polymer, with refractive index n from 1.00 to 1.38. Directional emissions along +Z and +X directions can be obtained at different wavelengths. It indicates that double magnetic resonances of the MIM nanoantenna always show up in different media. It's clear that larger refractive index of the medium leads to longer resonance wavelength. Note that resonance at longer wavelength shows lower Q-factor, which might lead to larger emission beamwidth. There is also a change of the radiation factor value, that is, S Z decreases while S X increases with the increasing of refractive index.
Conclusion
In summary, a double-resonant MIM-type optical antenna is theoretically proposed to control the radiation directivity of a dipolar emitter. Far field emission directivity and enhancement are studied. Controllable unidirectional and enhanced emission of the emitter is obtained by tuning the phase differences of constituting elements of the antenna induced by the double magnetic resonances at different wavelengths. The emission enhancement is dependent on the emitter's relative position. Underlying physics of the controllable unidirectional emission is explained using two-dipole model. The designed antenna also exhibits independent and controllable directivity of excitation and emission light. It can be potentially used in fluorescent enhancement, near-field sample detection, solar cell, and single-photon source, etc.
